In target tissue extracts, heat shock protein hsp9O has been found associated to aDl unganded steroid receptors. Modulation ofimportant functions ofthese receptors, including prevention of DNA binding and optimiztion of transcriptional activity, has been attributed to hsp9O. However no unequivocal in vivo demonstration of interaction between receptors and hsp9O has been presented. We targeted chicken hsp9O, a mainly cytoplasmic protein, with the nucleoplamin nuclear lozation signal (90NLS). After transfection into COS-7 ceDls, 9ONLS was found in the nucleus with specific immunofluorescence and confocal microscopy techniques. A human glucocorticosteroid receptor mutant devoid of NLS sequence was also expressed in COS-7 cells and found exclusively cytoplasmic. Coexpression of 9ONLS and of the cytoplasmic human glucocorticosteroid receptor mutant led to complete nuclear localization ofthe receptor, indicating its piggyback transport by 9ONLS and thus physical and functional interaction between the two proteins in the absence of hormone. The same nuclear localization was obtained after cotransfection of 9ONLS and a cytoplasmic rabbit progesterone receptor mutant. Finally, coexpression of wild-type rabbit progesterone receptor (nuclear) and wildtpe hsp9O (cytoplasmic) into COS-7 cells provoked partial relocalization of hsp9O into the nucleus. These experiments lay the groundwork on which to study hsp9O as a chaperone, regulating activities of steroid receptors and possibly participating in their nuclear-cytoplasmic shuttling.
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Steroid hormone receptors are hormone-dependent transcriptional activators bearing hormone-independent nuclear localization signals (NLSs) whose efficiency is the primary determinant of their subcellular localization in the absence of hormone; thus the glucocorticosteroid receptor is predominantly located in the cytoplasm, whereas estrogen and progesterone receptors are essentially nuclear (1) (2) (3) . Despite this, however, a puzzling observation is that all unliganded steroid receptors form "8S" complexes with 90-kDa heat shock protein (hsp90) in the cytosol of target cell homogenates (4-7), hsp90 being an abundant and ubiquitous protein described as essentially cytoplasmic. Two functions have been ascribed to receptor-bound hsp90: masking of the receptor DNA binding domain and maintenance of the ligand binding domain in a functional hormone-binding conformation, at least for gluco-and mineralocorticosteroid receptors (reviewed in refs. 8 and 9). The in vivo requirement of appropriate levels of hsp90 for efficient hormonal activation of steroid receptors in yeast has also been reported (10) . The lack of direct evidence for the in vivo interaction between the two proteins has, however, led to the suspicion that hsp90-steroid receptor complexes represent an artifactual association occurring during cell homogenization or that these
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complexes are relevant only in the case of cytoplasmic steroid receptors. Here we demonstrate, in the absence of ligand, a functional in vivo intracellular hsp90-steroid receptor interaction using steroid receptors made exclusively cytoplasmic by suppression of their hormone-independent NLS and a nuclear targeted hsp90. Furthermore, with wildtype proteins, we show the presence in the nucleus of progesterone receptor and some hsp90.
MATERIALS AND METHODS
Expression Vectors and Transfection of COS-7 Cells. Synthetic DNA encoding the nucleoplasmin NLS sequence (11) was inserted in the unique PflMl site of chicken hsp90 cDNA (12) in the pSP72 vector. After sequencing, the wild-type (90WT) and the modified cDNAs (90NLS) were subcloned in the pSVK3 vector (Pharmacia). The C-terminal proline in the NLS sequence resulted from subcloning. Transfection of COS-7 cells, human glucocorticosteroid receptor (hGR) and rabbit progesterone receptor (rPR) cDNAs inserted in COS cell expression vectors and their deletion mutants have been described (2, 13) .
Antibodies. The antibodies utilized were monoclonal BF4 and D7a anti-avian hsp90 (4, 14) , which did not recognize endogenous COS-7 hsp90, and Al antipeptide (GluOK-Tyr280) hsp90 antiserum, which, while not recognizing 8S steroid receptor complexes (15) , cross-reacted among species. A hGR-specific antipeptide (Ala149-Gln1") antiserum (16) and anti-rPR Let 126 monoclonal antibody were used (2) .
Preparation of Cellular Extracts, Sedimentation Analysis, and Western Blot. After transfection, COS-7 cell cytosols were prepared and glycerol gradient centrifugations were performed as described (13 tTo whom reprint requests should be addressed. tibody (ascitic fluid 1:5000, 30 min at room temperature) and fluorescein-conjugated anti-rat antibody (1:200, 30 min at room temperature; Southern Biotechnology Associates).
The hGR-specific antipeptide antiserum (1:4000) (16) and a rhodamine-conjugated anti-rabbit antibody (1:200) (Southern Biotechnology Associates) were used. The specificity of the secondary antibodies allowed the simultaneous processing of hsp90 and hGR detection. For rPR the Let 126 monoclonal antibody was used as indicated (2) . To avoid cross-reactivity between anti-mouse secondary antibody and rat BF4, COS-7 transfected cells were first treated for rPR detection and then treated for hsp90 detection.
Stained cells were viewed with an Optiphot II Nikon microscope (objective, 60x) and scannings were performed using a Bio-Rad MRC 600. For fluorescein, an argon ion laser set to A = 488 nm was used. The fluorescence emission was separated by a dichroic mirror (DR565) and a long-pass filter (540DF30) was placed in front of the photomultiplier; the signal was digitalized by photon counting. Each section was scanned 30 times. The pinhole of the confocal system was adjusted to allow a field depth of about 0.5 ,Am. For confocal scanning of rhodamine staining, a helium/neon ion laser set to A = 543 nm was used. The emission long-pass filter was EF600LP. Double fluorescence images were acquired in two passes-fluorescein first, rhodamine second-to avoid bleeding from one channel into the other. Photographs were taken on Kodak T-Max film using a camera mounted on a VM 1710 Lucius and Baer film recorder.
RESULTS AND DISCUSSION SubceHular Localization of Wild-Type and Nuclear Targeted hsp9O. The bipartite NLS of Xenopus laevis nucleoplasmin (11) , which bears many similarities to the NLS of steroid receptors (17) , was inserted into the N-terminal region of chicken hsp90 between Pro-li and Met-12 (Fig. 1D) . The presence of the NLS in avian hsp90 does not significantly alter the predicted secondary structure nor the hydropathy plot ofthe protein according to the Garnier-Robson program, the NLS sequence being located in a flexible, exposed protein segment (18) . The intracellular location of the wildtype (90WT) or NLS-bearing (90NLS) chicken hsp9o, expressed transiently in COS-7 cells, was assessed by laser confocal microscopy of immunofluorescent cells that were detected by the avian-specific anti-hsp90 BF4 antibody (4) . Even though the complete nuclear exclusion of 9OWT is difficult to demonstrate because it is abundant in the cytoplasm, Fig. 1 shows that transfected 9OWT was essentially cytoplasmic (Fig. 1A) , whereas 9ONLS was always present in nuclei ( Fig. 1 B and C) . Forty-five percent of cells expressing 9ONLS showed an intense nuclear and cytoplasmic fluorescence, 50% showed a predominant, intense nuclear fluorescence, and 5% showed a moderate nuclear and cytoplasmic staining. The level of 9OWT or 9ONLS expression, determined by semiquantitative Western blot analysis (not shown), was about 2% of total soluble proteins. Since the number of transfected cells expressing the construct was 10%, the intracellular level of avian hsp90 would actually represent 10-20%o of the soluble proteins, 10 times the endogenous level. Importantly, the 9ONLS was still recognized by anti-chicken hsp90 BF4 and D7a antibodies and was not preferentially retained in the nuclear fraction of cell homogenate but was recovered in the cytosol. In glycerol density gradients, the 9ONLS sedimented at 6-7 S, exactly as did 9OWT (Fig. 1E ) or hsp90 native dimer (19) .
Complexes Between Receptors and Wild-Type or Nuclear Targeted hsp9O. To test the ability of 9OWT or 9ONLS to form 8S complexes with a steroid receptor, the two constructs were each cotransfected with -the hGR. In the absence of hormone, hGR is preferentially localized in the cytoplasm of COS-7 transfected cells, its hormone-independent NLS being almost completely repressed, and it forms complexes with the endogenous monkey hsp90 (13, 20, 21) . The 8S steroid binding complexes were found after cotransfection of hGR with 9OWT and 9ONLS (Fig. 2 A-D) . Interestingly, the avian hsp90 was predominant in both of the 8S forms, despite the presence of significant levels of endogenous hsp90. This was demonstrated by the displacement of both 8S complexes, on glycerol gradients, by the two anti-chicken hsp9o antibodies (Fig. 2 A-C) . The 6-7S dimeric receptor-free avian hsp90 was also displaced in the gradient by BF4 antibody (Fig. 2E, a, a' , b, b') and by D7a antibody (not shown). In addition, the Al antipeptide antiserum, directed against the highly charged region A of chicken hsp90, which is a candidate for interaction with steroid receptor (12, 15) , reacted with all receptorfree hsp90 ( (Fig. 2D) , thus confirming that Al epitopes are masked in the 8S complexes (15) . The hGR, on the basis of a binding assay, was expressed at 2 pmol/mg of protein, a concentration 100-fold lower than that found for the cotransfected hsp90. Thus the ratio of the two overexpressed proteins in cotransfected COS-7 cells, glucocorticosteroid receptor and hsp90, was maintained in the physiological range of about 1:100.
Several important deductions stem from these results. (i)
The hGR seems to interact well with the cotransfected chicken hsp90, possibly due to their concomitant translation (9) . The cotransfection system, combined with the use of appropriate specific antibodies, is therefore suitable for studying the interactions of hsp90, steroid receptor, and other proteins forming heterooligomeric complexes and the domains eventually involved. (ii) During the homogenization procedure, no major exchange takes place between receptorbound avian hsp90 and the endogenous one, suggesting that hsp90-receptor interaction occurs in vivo. (iii) Nuclear targeting of the hsp90 does not impede 8S complex formation with the hGR, a predominantly cytoplasmic receptor.
Nuclear Targeting (13, 20) . When cotransfected with 9OWT, A491-515 hGR remained exclusively cytoplasmic (Fig. 3C ) as did 9OWT (Fig. 3A) . In contrast, when cotransfected with 9ONLS, the hGR mutant was nuclear in all cotransfected cells showing an exclusive 9ONLS nuclear location ( Fig. 3 B and D) . Note that in Fig. 3B both cells express 9ONLS, whereas only one (see Fig. 3D) expresses the mutant hGR shifted to the nucleus. In the cotransfected cells showing intense nuclear and cytoplasmic 9ONLS fluorescence, the GR mutant was also nuclear or nuclear and cytoplasmic. It is worthy of note that 9ONLS was unable to shift cotransfected cytoplasmic 13-galactosidase into the nucleus (not shown). Thus, by swapping the hormone-independent nuclear localization function from a steroid receptor to hsp90, we have provided direct evidence for an in vivo interaction between the two proteins, thus allowing the nuclear transfer of the cytoplasmic hGR mutant. When a complex is made between two NLS engineered proteins, the nuclear translocation-deficient subunit is carried into the nucleus by the nuclear translocation-proficient subunit. We also were able to obtain exactly the same result with 9ONLS and the deletion mutant A593-640 of the rPR (2) . Whereas the wild-type form of the PR is nuclear, the A593-640 mutant displays a cytoplasmic colocalization with 9OWT in the absence of hormone (ref. 2 and Fig. 3 Eand G). It was shifted into the nucleus (Fig. 3H) by 9ONLS (Fig. 3F) . In glycerol density gradient analysis, wild-type rPR and A593-640 mutant formed 8S complexes with the endogenous or cotransfected avian hsp90 (9OWT) (not shown).
Cytoplasmic mutants of hGR and rPR have been deleted, to different extents, in their hormone-independent NLS. They both lack the positively charged motif conserved throughout the steroid receptor subfamily (3), corresponding to C-terminal basic regions of the bipartite NLS (17) . In addition, rPR lacks the NLS located in the zinc finger region (2, 3) . Our results therefore confirm that GR interacts with hsp90 before cell lysis, as indicated by metabolic labeling studies (22) , and that the integrity of glucocorticosteroid receptor NLS is not necessary for complex formation with hsp90 (13) . They also demonstrate that deletion of all of the hormone-independent NLSs of rPR does not compromise the interaction with hsp90.
Nuclear Localization of Cotransfected rPR and Chicken hsp9O. Our experimental evidence for a "cytoplasmic" ste- roid receptor shifted into the nucleus by 90NLS implies that the natural situation would be the reverse-that is, in the absence of hormone, some cytoplasmic hsp90 is relocalized into the nucleus by steroid receptors possessing a constitutively functional NLS. In fact, a hsp90-containing 8S progesterone receptor complex has been obtained from purified nuclei of rabbit uterus in the absence of the cognate hormone (23) . On the other hand, the reported conclusion that the nuclear progesterone receptor is mainly hsp90-free (24) seems to be due to the inability to detect the small fraction of the abundant cytoplasmic hsp9O that would be colocalized in nuclei with PR. Here we were able to demonstrate that some 9OWT, when cotransfected with rPR, is localized in the nucleus. Fig. 4D clearly shows that a low but detectable level of 9OWT was found in nuclei after cotransfection with rPR, when compared to the lack of detectable nuclear 9OWT transfected alone under the same experimental conditions (Figs. 4B and 1A) .
This last result suggests that possibly all steroid receptors, and not only those found in the cytoplasm, interact with hsp90 during translation (9) and, most importantly, that this interaction is strong enough in vivo to persist during the hormone-independent nuclear localization step. hsp9O- steroid receptor complexes are thus localized in the cytoplasm or in the nucleus (e.g., glucocorticosteroid and progesterone receptor 8S complexes, respectively) according to the potency of the hormone-independent NLS. In the absence of hormone, a fraction of hsp90 may be thus transported "piggyback" into the nucleus by nuclear steroid receptors. A similar mechanism has been reported for other protein complexes (reviewed in ref. 25 ) and for progesterone receptor dimers (3) . It is possible that complexes of hsp90 with predominantly cytoplasmic or nuclear steroid receptors really shuttle, at different rates, between the two compartments. In fact, receptor recycling has been described for progesterone and glucocorticosteroid receptors (26, 27) . In turn, nuclear-cytoplasmic shuttling of hsp90, possibly carried by other proteins, may result in a nuclear level of hsp90 able to influence the activation of the receptor by the hormone, a step that, in vitro, requires hsp90 dissociation (8, 9) .
Functions of Steroid Receptor-Bound hsp9O. Additional proteins from the large chaperone family, such as hsp70 and p59-HBI (28) , have been found associated with the heterooligomeric complex of steroid receptor and hsp90 that was described initially (29, 30 
